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I .  LNTRODUCTION 
Most m e t a l l i c  meteor i tes  exh ib i t  the  well-known Widmanstgtten 
s t r u c t u r e  i n  which systems of p a r a l l e l  p l a t e s  of kamacite (a, Ni-Fe), 
averaging a f r a c t i o n  of a mil l imeter  t o  s e v e r a l  mill imeters i n  th ickness ,  
run through each la rge  g ra in  of the me teo r i t e  t h a t  had cons i s t ed  o r i g i n -  
a l l y  of the  t a e n i t e  phase ( 7 ,  Ni-Fe). The r e s u l t i n g  p a t t e r n  i s  known a s  
oc t ahedra l  because the  c rys t a l log raph ic  p lanes  along which kamacite se- 
grega t ion  from t a e n i t e  has occurred correspond t o  the o r i g i n a l  (111) 
family of planes of the  t a e n i t e  which has the m u l t i p l i c i t y  of e i g h t .  
con ten t  of N i  i n  the kamacite phase i n  d i f f e r e n t  o c t a h e d r i t e s  shows con- 
s i d e r a b l e  v a r i a t i o n ,  approximately between 5,5  and 7.5% N i .  Recent ly  some 
v a r i a t i o n  has a l s o  been r epor t ed  i n  kamaci te-nickel  con ten t  between p l a t e s  
of d i f f e r e n t  th ickness  i n  a s ing le  o c t a h e d r i t e  sample. 
The 
1 
The polyhedra l  spaces  between the kamacite p l a t e s  correspond t o  
the  o r i g i n a l  f c c  matr ix ,  i.e., the t a e n i t e .  In  pol i shed  and e tched  spec i -  
mens these a r e a s  show progressive s t a g e s  of i n t e r n a l  decomposition which 
r e s u l t  i n  dark e tch ing  e f f e c t s ,  and such decomposed a r e a s  a r e  gene ra l ly  
r e f e r r e d  t o  a s  p l e s s i t e ,  Undecomposed o r i g i n a l  t a e n i t e  can  be found only 
nea r  the borders  of t he  polyhedral spaces  where these  are i n  c o n t a c t  w i t h  
kamacite,  o r  i n  excep t iona l ly  narrow bands . 
i n  s t r u c t u r e ,  g r a i n  s i z e  and composition. O t h e r  minerals  that  occur through- 
o u t  m e t a l l i c  me teo r i t e s  i n  var ious amounts a r e  t r o i l i t e ,  FeS; s c h r e i b e r s i t e ,  
(Fe,Ni) P; coheni te ,  (Fe,Ni) C; and g raph i t e .  However, these minerals  oc- 
c u r  i n  r e l a t i v e l y  small amounts, the major c o n s t i t u e n t s  of a m e t a l l i c  me- 
t e o r i t e  being i ron ,  n i c k e l  and c o b a l t  ($). 
P l e s s i t e  is h ighly  v a r i a b l e  
3 3 
The gene ra l  appearance of t h e  oc t ahedra l  p a t t e r n  and the th ickness  
2. 
of i n d i v i d u a l  kamacite bands depends on the angle  a t  which the r e fe rence  
c111) p lanes  meet the pol i shed  surface.  
ness  of the kamacite p l a t e s  i n  any given o c t a h e d r i t e  tends  t o  be a func- 
t i o n  of the t o t a l  n i c k e l  con ten t  and hence o c t a h e d r i t e s  a r e  subdivided 
i n t o  coarse ,  medium, and f i n e ,  according t o  prev ious ly  suggested schemes. 
Nevertheless,  t h e  average th i ck -  
2 
Although numerous s t u d i e s  of o c t a h e d r i t e s  and the Widmanstitten 
p a t t e r n  have been made fo l lowing  chemical and meta l lographic  examinations, 
new s t imulus  t o  the understanding of t h e  cond i t ions  under which th i s  pa t -  
t e r n  has formed has  been provided by the  use  o f  e l e c t r o n  probe microanaly- 
z e r s  whereby d e t a i l e d  p r o f i l e s  of n i c k e l  con ten t ,  and o the r  elements, 
a c r o s s  the Widmanstitten p a t t e r n  can be obtained. 3-9 
shown that,  whereas t h e  percentage o f  n i c k e l  con ten t  i n  the kamacite phase 
remains more or less uniform, the  n i c k e l  con ten t  i n  the undecomposed t a e -  
n i t e  i n  the a r e a s  immediately ad jacent  to  kamacite phase is high, and then  
decreases  r a p i d l y  with d i s t a n c e  from the  i n t e r f a c e .  
the i n t e r i o r  of decomposed t a e n i t e  polyhedrons ( i o e o ,  i n  the p l e s s i t e )  i s  
e r r a t i c  because this s t r u c t u r e  usua l ly  con ta ins  a mixture of bo th  h igh  N i  
( 7 )  and low N i  (a) phases. 
d i scuss ions9  t h a t  an  average t rend  i n  N i  con ten t  can be estimated, even on 
moving away from the undecomposed t a e n i t e  i n t o  the decomposed a r e a s ,  pro- 
v ided  that  the p l e s s i t i c  s t r u c t u r e  i s  f i n a l l y  divided3 i n  cases  where this  
h a s  been determined, t h e  t r end  continues the  s t eady  d e c l i n e  i n i t i a t e d  i n  
the undecomposed t a e n i t e  phase, a l though less r a p i d l y .  A t  a po in t  approxi -  
mately e q u i d i s t a n t  from a l l  bounding kamacite reg ions ,  N i  conten t  u s u a l l y  
reaches  a minimum; and thus ,  a s  has been a l r eady  pointed o u t  i n  numerous 
previous  pub l i ca t ions ,  a l i n e a r  t r a v e r s e  ac ross  a po l i shed  kamaci te - taeni te -  
9 p less it e - t a e  n i  t e  - kamac i t  e r eg  ion r evea Is the  a ppr oxima t e  l y  M- s ha ped pro  f i l e  
Such s t u d i e s  have 
The N i  con ten t  i n  
Nevertheless, i t  has been claimed i n  r e c e n t  
c . 
3.  
a s  shown d iag rama t i ca l ly  i n  Fig. 1. 
It i s  now n e a r l y  un ive r sa l ly  agreed t h a t  the Widmanstitten p a t t e r n s  
have formed i n  i r o n  me teo r i t e s  a s  they cooled from an i n i t i a l l y  homogene- 
ous 7- i ron  phase i n t o  the  duplex a + 7 phase s t r u c t u r e .  Q u i t e  n a t u r a l l y  
the  d e t a i l s  o f  the  s t r u c t u r e s  obtained a r e  r e l a t e d  t o  the  na ture  of t h e  
phase diagram involved, and i n  most ca ses  t h e  b ina ry  i ron -n icke l  phase d i -  
agram is  cons idered  a s  an  adequate basis f o r  d i scuss ion .  8’10 
boundaries of the phase f i e l d s  i n  t h i s  phase diagram a r e  p a r t i c u l a r l y  d i f -  
f i c u l t  t o  determine because the  r eac t ions  involved a r e  extremely s l u g g i s h  
and, a t  low temperatures,  never f u l l y  pmceed t o  completion. For this  r e a -  
son var ious  modi f ica t ions  of the Fe-Ni phase diagram have been proposed, 
the  most r e c e n t  d a t a  concerning the p o r t i o n  t h a t  is a s s o c i a t e d  w i t h  t h e  
formation of the  Widmanstgtten p a t t e r n  i s  shown i n  F ig .  2. 
b e l i e v e  t h a t  the  Widmanstitten p a t t e r n  i s  formed a s  a r e s u l t  of slow cool -  
i n g  of t he  o r i g i n a l  large-grained t a e n i t e  phase (7) through the  a + y phase 
f i e l d ,  the r e a c t i o n  being i n i t i a l l y  an  equ i l ib r ium one and becoming pro- 
g r e s s i v e l y  non-equilibrium w i t h  the f a l l  of temperature. 
The exac t  
9,11, i 2  
Most au tho r s  
The process  of coo l ing  of a t y p i c a l  o c t a h e d r i t e  through the two- 
phase f i e l d  has been descr ibed  i n  d e t a i l  p rev ious ly  8a9’10 and need n o t  
b e  repea ted  here. We s h a l l  only s t a t e  t h a t  a t  any g iven  a / 7  i n t e r f a c e  
n i c k e l  atoms must move by s o l i d  s t a t e  d i f f u s i o n  i n t o  t h e  i n t e r i o r s  of one 
o r  b o t h  phases i n  o rde r  t o  maintain the equ i l ib r ium composition and pro- 
p o r t i  ms a s  the system cools .  The kamacite p l a t e s  i n i t i a l l y  form a s  nu- 
c l e i  on t h e  c r i s s c r o s s i n g  oc tahedra l  p lanes  of the t a e n i t e  below tempera- 
t u r e s  f o r  which the  composition l i n e  c r o s s e s  the  y / ( y  + a )  phase boundary 
and they grow i n  th i ckness  wi th  decreas ing  temperature,  t he  l i k e l y  r a t e  
4 .  
Eventual ly  a tem- 6 7-9 of decrease being of the order  of 1-20°/10 
p e r a t u r e  i s  reached a t  which d i f f u s i o n  is  too  s l u g g i s h  t o  allow more nick-  
e l  t o  reach  the  i n t e r i o r s  of the remaining 7 phase polyhedrons, now en- 
r iched  t o  some 12-18% N i .  With f u r t h e r  cool ing,  t he re fo re ,  t he  d i s t ance  
over which equi l ibr ium d i s t r i b u t i o n  o f  n i c k e l  can be e f f e c t i v e l y  main- 
t a ined  i n  the 7 p tase  cont inues  t o  shor ten  wi th  the  r e s u l t  t h a t  the  equi-  
l ib r ium con ten t  of n i c k e l  ( i o e . ,  high va lues  of the order  of 40-50% char-  
a c t e r i s t i c  of low temperatures)  a r e  found only very near  t o  taenite/kama- 
c i t e  boundaries.  Eventual ly  t h e  impoverished n i c k e l  reg ions  of the r e -  
maining t a e n i t e  polyhedra a r e  so  badly out of equ i l ib r ium t h a t  they f r e -  
quent ly  undergo a sepa ra t e ,  loca l ized  decomposition i n t o  a f ine-gra ined  
mixture of equ i l ib r ium kamacite and t a e n i t e .  
years .  
It i s  undoubtedly t r u e  t h a t  the d e t a i l e d  understanding of the way 
i n  which the Widmanstitten p a t t e r n  has  formed should permit  reasonable  
guesses  about the na tu re  of  processes  t h a t  the samples conta in ing  such a 
p a t t e r n  have undergone, i.e., the thermal h i s t o r y ,  mechanical h i s t o r y ,  
e t c .  This i n  t u r n  means t h a t  such parameters a s  the t o t a l  t i m e  of cool -  
i ng ,  the  pressures  involved, and the  temperatures ,  have t o  be understood, 
u l t i m a t e l y  leading a l s o  t o  the  d e s c r i p t i o n  of the  s i z e  of the  body (or  
bod ie s )  from which the  sample came, i t s  c o n s t i t u t i o n ,  and environment. 
The c o n s t i t u t i o n ,  composition g rad ien t s ,  and the  gene ra l  na ture  of the 
p l e s s i t e  a r e  l inked wi th  the Widmanstxtten pa t te rn  
s e l v e s  here  mainly w i t h  the ques t ion  t o  what e x t e n t  the  measured composi- 
t i o n  g rad ien t s  i n  the p l e s s i t e  a r eas  can be meaningfully i n t e r p r e t e d .  
We s h a l l  concern our- 
I I  I I  The development of the M p r o f i l e  i n  t h e  t a e n i t e  can be represented 
d i ag rama t i ca l ly  a s  i n  Fig.  3.  As temperature keeps f a l l i n g ,  a depression 
5. 
i n  the N i  conten t  becomes pronounced i n  the middle of the t a e n i t e  a rea  
(Fig.  3c), whi le  the  t o t a l  l e v e l  of the N i  conten t  i n  kamacite i nc reases  
s l i g h t l y .  Ult imately,  when d i f f u s i o n  proceeds a t  a n e g l i g i b l e  r a t e ,  the 
p r o f i l e  expected resembles t h a t  shown i n  Fig.  3d i n  which, i n  add i t ion  t o  
the  "Ml' p r o f i l e  mentioned e a r l i e r ,  a border  depression t o  s l i g h t l y  lower 
N i  con ten t s  i s  a l s o  observed i n  the kamacite.  This has been de tec t ed  by 
a number of au thors  and m o s t  l i k e l y  is assoc ia ted  w i t h  the r e v e r s a l  
o f  the a/a + y phase boundary i n  the Fe-Ni phase diagram towards lower N i  
con ten t  below the temperature of approx imte ly  450°C ( see  Fig.  2 ) .  
6,7,8 
Assuming t h a t  p l e s s i t e  r e s u l t s  from the i n t e r n a l  decomposition of 
t h e  non-equilibrium t a e n i t e ,  i t s  formation can be depic ted  d i a g r a n a t i c a l l y  
a s  i n  Fig.  4. I n i t i a l l y ,  r a t h e r  coarse  a-phase p r e c i p i t a t i o n  is  expected 
t o  occur i n  the c e n t r a l  p o r t i o n  of t h e  "M" p r o f i l e  because the  low N i  con- 
t e n t  of these  a r e a s  i s  a s soc ia t ed  w i t h  a higher  i n i t i a l  y Aa transforma- 
t i o n  temperature a-phase p r e c i p i t a t e s  formed i n  t h e  c e n t r a l  po r t ions  
w i l l  have opportuni ty  t o  grow i n  s i z e  dur ing  the subsequent f a l l  of the 
temperature unl ike  those t h a t  w i l l  form eventua l ly  i n  the reg ions  of 
higher  N i  conten t  a t  p rogress ive ly  lower temperatures.  Hence, f i n e r  and 
f i n e r  s c a l e  a-phase p r e c i p i t a t i o n  might be expected a s  one noves away fram 
the  c e n t r a l  po r t ion  of a non-equilibrium t a e n i t e  polyhedron. Although t h e  
i n d i v i d u a l  a and y a r e a s  i n  such p l e s s i t i c  regions might be expected t o  
be near ly  i n  equi l ibr ium wi th  respec t  t o  one another ,  t he re  w i l l  be ,  of 
course ,  the usua l  d i f f e r e n c e s  i n  the  N i  conten t  between each  a and y par-  
t i c l e  a s  shown d iag rama t i ca l ly  i n  the  f i g u r e .  Nevertheless ,  provided t h a t  
t h e  scanning s p o t  of a microprobe ana lyzer  embraces an a rea  g r e a t e r  than 
t h a t  of t he  ind iv idua l  p a r t i c l e s  i n  the  p l e s s i t e ,  an average composition 
t r end  should be obta inable  from a scan; and t h i s  should r e f l e c t  the gen- 
6 .  
e r a 1  M-shaped t rend  t h a t  e x i s t e d  i n  the  t a c n i t e  phase p r i o r  t o  i t s  decoz- 
pos i t i on .  Thus, a l though the p l e s s i t i c  a r ea  is no longer homogeneous, i t  
should be poss ib l e  i n  p r i n c i p l e  t o  r e l a t e  the  obtained M p r o f i l e  t o  cool -  
i n g  condi t ions  t h a t  e x i s t e d  i n  the  t a e n i t e  phase p r i o r  t o  i t s  decomposi- 
t i o n ,  i .e.,  a t  the  t i m e  when the r a t e - c o n t r o l l i n g  f a c t o r  was tk diffusio:: 
of N i  i n  t h e  f cc  phase governed by the  d i f f u s i o n  c o e f f i c i e n t  D . On the  
o ther  hand, t he  s l i g h t  curva ture  observed i n  the  border  a r e a s  i n  the  kama- 
c i t e  phase should be r e l a t e d  t o  the d i f f u s i o n  of N i  i n  the bcc a-phase and 
r e l a t e d  t o  the  d i f f u s i o n  c o e f f i c i e n t  Da. 
i ng  the  p re s su re ,  temperature,  and undercooling condi t ions  of t h e  pa ren t  
m e t e o r i t i c  body is t o  be c o r r e c t l y  i n t e r p r e t e d ,  one must be ab le  t o  recon- 
s t r u c t  the M p r o f i l e  w i th  the  assumption t h a t  a l l  01 p r e c i p i t a t i o n  i n  t h e  
p l e s s i t e  has  occurred i n  a manner suggested above. 
Y 
I f  a given cool ing  model, involv-  
A s e r i o u s  complication occurs , however, i f  , a f t e r  t he  development 
of the M p r o f i l e  i n  the t a e n i t e  , a m a r t e n s i t i c  t ransformation yttA a'' 
cur red  a t  l e a s t  i n  the p a r t  of the t a e n i t i c  phase, r e s u l t i n g  i n  the pro- 
duc t ion  of t he  non-equilibrium bcc phase which is  of the same composition 
a s  t h a t  of the ind iv idua l  t a e n i t e  r eg ion  from which i t  has  formed. The 
p o s s i b i l i t y  of the occurrence of m a r t e n s i t i c  t ransformations i s  suggested 
by the  experimental ly  determined M temperatures i n  the b ina ry  Fe-Ni a l -  
l o y s l 3  (see Fig.  2) ,  and a l s o  by the  f a c t  t h a t  m a r t e n s i t i c  t ransformation 
products  a r e  f r equen t ly  observed i n  the  borders  of p l e s s i t i c  a r eas  both i n  
o c t a h e d r i t e s  and p a l l a s i t e s .  l4 I f  the M 
i .e. ,  above -350°C, i t  is  then reasonable t o  expect  the mar t ens i t e  t o  de- 
compose subsequent ly  i n t o  the equi l ibr ium y and w phases;  b u t  the process  
may be expected t o  be goverened by d i f f e r e n t  d i f f u s i o n  r a t e s ,  i n  agree-  
2 OC- 
S 
temperature i s  s u f f i c i e n t l y  high,  
S 
7. 
ment wi th  the f a c t  t h a t  the  decomposing m a r t e n s i t i c  phase i s  body-cen- 
t e r ed  cubic  and s t r a i n e d ,  w i th  d i f f u s i o n  r a t e s  of N i  perhaps some hun- 
dred times f a s t e r  than  i n  the  t a e n i t e  phase of the same composition. 
Thus, i n  po r t ions  of the  M p r o f i l e  f o r  which t h e  t o t a l  undercooling p r i o r  
t o  decomposition b r ings  the poss ib le  p l e s s i t i c  decomposition be low the Ms 
l i n e ,  a much more complicated d i f f u s i o n a l  process  i s  t o  be expected. This 
i s  i l l u s t r a t e d  i n  Fig.  4b i n  which t h e  c e n t r a l  po r t ion  of the M profile 
i s  depic ted  a s  "normal" p l e s s i t e ,  t h e  r eg ions  immediately ad jo in ing  t h i s  
p o r t i o n  a s  mar t ens i t e  which has subsequently decomposed, and f i n a l l y ,  t h e  
remaining reg ions  a s  undecomposed mar t ens i t e  and border  t a e n i t e  w i th  no 
decomposition a t  a l l .  
even i f  mar t ens i t e  i n  tk border  a reas  (corresponding t o  h igh  N i  con ten t s  
and the re fo re  low M temperature) d i d  no t  undergo decomposition i n t o  a and 
7 phases,  it may have undergone some l o c a l i z e d  e q u a l i z a t i o n  of the  s t e e p  
d i f f u s i o n  g rad ien t ,  the r a t e - c o n t r o l l i n g  process  be ing  aga in  r e l a t e d  t o  
the  d i f f u s i o n  of N i  i n  a s t r a i n e d  bcc phase. 
I n  such a s i t u a t i o n ,  i t  may a l s o  be expected t h a t  
S 
The problem i n  t h e  i n t e r p r e t a t i o n  of t he  d i f f u s i o n  p r o f i l e s  recon- 
s t r u c t e d  from p l e s s i t i c  a r eas  c a r r i e s  w i t h  it the fol lowing ques t ions :  
1. Has the formation of mar tens i te  been a t  a l l  involved i n  the  pro- 
cess, and what a r e  the  M temperatures of t h i s  mar t ens i t e  a s  r e l a t e d  t o  
the  composition g rad ien t s?  
S 
2. Have such mar t ens i t e s  decomposed f u l l y  o r  p a r t i a l l y  i n t o  a + 7 
r eg ions  by t h e  r e a c t i o n s  a2+ a + 7 ,  and i s  t h e r e  any evidence f o r  a change 
i n  the  corresponding d i f f u s i o n  p r o f i l e  r econs t ruc t ed  from such reg ions?  
3 .  Has any e q u i l i b r a t i o n  (o r  tempering) occurred i n  the  seemingly 
undecomposed m a r t e n s i t i c  a r e a s ,  and 
. .  . 
8. 
4. Are there  any o the r  more complex f e a t u r e s  i n  p l e s s i t e  t h a t  r e -  
q u i r e  c a r e f u l  i n t e r p r e t a t i o n ?  
I n  t h e  fol lowing experimental  work and d i scuss ion  we present  some 
evidence which a t  l e a s t  i n  p a r t  answers the  above ques t ions .  
11. EXPERIMENTAL PROCEDURES 
Samples of the  Canyon Diablo, B r i s t o l ,  Bethany and Toluca meteor- 
i t e s  were prepared f o r  metal lographic  examination and microprobe ana lys i s .  
Smal l  sl ices  mounted i n  a conducting r e s i n  were prepared f o r  metal logra-  
ph ic  examination i n  the usua l  way except t h a t  a f t e r  gr inding  through t h e  
f i n e  abras ive  papers,  a f l a t  matte su r face  was prepared by lapping on a 
lead  lap w h e e l  w i t h  lop ca rb ide  abrasive.  This was followed by po l i sh ing  
w i t h  diamond t o  3p p a r t i c l e  s i z e  followed by a b r i e f  p o l i s h  on 0.3~ a h -  
mina. The sample was then etched w i t h  5% p i c r a l  o r  n i t a l .  After  t h e  de- 
s i r e d  a r e a s  were chosen and marked f o r  microprobe a n a l y s i s ,  the sample 
was repol i shed  on a 3p diamond wheel t o  remove thc  etched layer .  Follow- 
i n g  microprobe a n a l y s i s  t h e  sample was then photographed, c leaned by ve ry  
b r i e f l y  touching t o  a po l i sh ing  wheel, e tched and photogrqhed again.  The 
f i r s t  micrograph showing the contamination marks depos i ted  by t h e  e l e c -  
t r o n  beam is  then compared wi th  the  second micrograph s o  a s  t o  accu ra t e ly  
r e l a t e  the  microprobe measurements t o  the mic ros t ruc tu re .  The use of  t he  
b r i e f  po l i sh ing  procedure t o  c lean the sample be fo re  e t ch ing  and photo- 
graphing was requi red  because the contamination marks pro tec ted  the  su r -  
f a c e  during e t ch ing  and h id  the necessary d e t a i l s  of the micros t ruc ture .  
Simultaneous N i  and Fe concentrat ion p r o f i l e s  were measured wi th  
a n  Applied Research Laborator ies  e l e c t r o n  microprobe x-ray analyzer .  Oper 
a t i n g  condi t ions  a r e  l i s t e d  i n  Table I. Although 
sured ,  only N i  concent ra t ions  a r e  repor ted  here .  
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both Fe and N i  were mea- 
The p r e c i s i o n  of the mea- 
surements i s  c o n t r o l l e d  by the s e n s i t i v i t y  and count ing t i m e ,  With count-  
i n g  t i m e  of the  order  of 30 seconds, the  number of counts  gathered i n  the  
low (5%) N i  r eg ions  was of the order of  15,000, providing a p rec i s ion  of 
approximately 3a = 2.4%, which corresponds t o  0.15 w t . %  N i .  
The accuracy of the measurements was e s t a b l i s h e d  us ing  a s e r i e s  of 
Fe-Ni a l l o y s  prepared by D r .  G .  R. Speich of the  United S t a t e s  S t e e l  Re- 
sea rch  Laborator ies .  The measured N i  concent ra t ion  versus  the  a s -cas t  
composition is shown i n  Fig.  5. The dev ia t ion  from l i n e a r i t y  agrees  wi th  
t h a t  expected f o r  the Fe-Ni system. 15’16 
obtained us ing  the  Ziebold-Ogilvie procedure ,I7 and corresponds t o  an a 
value  of 1.06. 
The ca l cu la t ed  curve is  tha t  
AB 
111. EXPERIMENTAL RESULTS 
A s  suggested i n  the In t roduct ion ,  t h e  examination of dark e t ch ing  
p l e s s i t i c  a r e a s ,  which under small magnif icat ion usua l ly  appear a s  a reas  
of dense ly-prec ip i ta ted  duplex phases, has shown t h a t  under h igher  magni- 
f i c a t i o n  s e v e r a l  d i s t i n c t  regions which can  be i d e n t i f i e d .  For the purpose of 
d e s c r i p t i o n  a t y p i c a l  example may be taken from the p l e s s i t i c  a r ea  of the 
B r i s t o l  me teo r i t e  shown i n  Fig.  6 i n  which successive s t a g e s  of magnifi-  
c a t i o n  r evea l ,  on moving from the border  t o  t h e i n t e r i o r  reg ions ,  a c l e a r  
l igh t -e tch ing  t a e n i t i c  edge immediately ad jo in ing  the kamacite phase, 
which is followed by a narrow range of m a r t e n s i t i c  s t r u c t u r e s ,  and f i n -  
a l l y  by a duplex mixture of both a and 7 phases. Another such d e t a i l e d  
a rea  i s  shown i n  Fig.  7 ,  which is taken from the  Bethany me teo r i t e .  In  
. 
10. 
bo th  cases  the corresponding microprobe t r a c e  showing the  t r end  of the  
n i cke l  conten t  i s  included. These two f i g u r e s  and Fig.  8, corresponding 
t o  another  p l e s s i t i c  a r ea  i n  the  B r i s t o l  meteor i te ,  s t rong ly  suggest  t h a t  
the m a r t e n s i t i c  t ransformat ion  has  indeed been involved i n  the formation 
of p l e s s i t e  dur ing  the  thermal h i s t o r y  of each meteor i te .  I n  f a c t ,  some 
of t h e  f e a t u r e s  suggested i n  the diagramatic Fig.  4b a r e  confirmed by the  
experimental  da t a .  The l i gh t - e t ch ing  t a e n i t i c  edge i s  usua l ly  of t he  o r -  
de r  of 5 - 1 0 ~  i n  width depending of cour se  upon the  angle  of s e c t i o n  t h a t  
the pol i shed  i n t e r f a c e  makes wi th  the  p l e s s i t i c  polyhedron, Within such 
l i g h t  a r e a s  the  inc rease  of N i  content  i s  very s teep and presumably cor -  
responds t o  the g rad ien t  of N i  c h a r a c t e r i s t i c  of t he  M p r o f i l e  p r i o r  t o  
any decomposition. 
There appears  t o  be a d e f i n i t e  change of s lope  i n  the  N i  p r o f i l e  
upon e n t e r i n g ,  o r  some po in t  within,  t he  a rea  which corresponds t o  marten- 
s i t i c ,  or  p a r t l y  m a r t e n s i t i c  s t r u c t u r e  (see F igs .  6 and 7 ) .  Mar t ens i t i c  
s t r u c t u r e  immediately ad jo in ing  the l i gh t - e t ch ing  t a e n i t e  border  c o r r e s -  
ponds t o  about 26 w t . %  N i  (see Fig. 7)  which, wi th  the use of t he  phase 
diagram shown i n  Fig.  2, i nd ica t e s  approximately a t ransformat ion  i n  the  
v i c i n i t y  of t he  room temperature.  Hence, it may be concluded t h a t  evm 
though a l l  d i f fus ion -con t ro l l ed  decomposition has  ceased, the n a r t e n s i t i c  
t ransformat ion  proceeded i n  t h e  Ni-r ich po r t ions  of the M p r o f i l e  a r e a s  
on f u r t h e r  cool ing  down t o  room temperature.  The obtained r e s u l t s  f u r -  
t h e r  sugges t  t h a t  the d i sce rn ib l e  change i n  s lope  of the  N i  conten t  i n  
t h e  m a r t e n s i t i c  a r eas  may be c o r r e l a t e d  wi th  N i  conten t  f a l l i n g  s l i g h t l y  
below 20 w t , %  down t o  about 17  w t . % .  This t h e r e h r e  suggests  t h a t  some 
d i f fus ion -con t ro l l ed  adjustment of t he  composition g rad ien t  has occurred 
. .  . 
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i n  these  a r e a s  a t  temperatures i n  the reg ion  of 200 t o  3OO0C, again  a s -  
suming the  v a l i d i t y  of the  diagram s h m n  i n  Fig. 2. 
has formed above those temperatures,  i o e o ,  i n  the  range of 300-600°C, ap- 
pears  t o  have undergone i n  most cases  a major decomposition i n t o  near 
equi l ibr ium a + 7 mixtures.  
t h ree  f igu res .  
appear t o  follow the  gene ra l  d i r e c t i o n s  of a p r i o r  mar t ens i t i c  decomposi- 
t i o n  so  t h a t  a d i s t i n c t  d i r e c t i o n a l i t y  is  observed. However, judging by 
the f ine-gra ined  s t r u c t u r e  of the a phase, the  g r a i n  boundary p a t t e r n ,  
and the d i s t i n c t  appearance of the 7 phase g ra ins ,  t he re  seems t o  be no 
doubt t h a t  the  observed s t r u c t u r e  i s  a decomposition s t r u c t u r e  of a p r i o r  
m a r t e n s i t i c  a rea  and not  a s ingular  kamacite p r e c i p i t a t i o n  from a s i n g l e  
phase polyhedron of the 7 phase a s  would be expected by a "normal" p l e s -  
s i t i c  process  descr ibed  i n  the Introduct ion.  That there  has been g r e a t l y  
enhanced d i f f u s i o n a l  a c t i v i t y  during the  mar tens i te  decomposition is  em- 
phasized by the  appearance of a d i s t i n c t  r i m  composed of Ni - r ich  t a e n i t e  
p a r t i c l e s  such a s  t h a t  marked R i n  Fig.  7 ,  which can be i d e n t i f i e d  bo th  
i n  the photomicrographs and i n  the microprobe t r a v e r s e s .  The genera t ion  
of t h i s  r i m  appears  t o  be connected w i t h  the  r e j e c t i o n  of N i  ou t  of the 
mar tens i te  p l a t e s  and i n t o  the newly-prec ip i ta t ing  7 phase locrated i n  the  
reg ion  between mar t ens i t e  p l a t e s  u n t i l  the r e s i d u a l  Q2 phase a t t a i n s  the  
equ i l ib r ium a3 ncen t r a t ion  value of N i .  This s i t u a t i o n  i s  p a r t i c u l a r l y  
w e l l  i l l u s t r a t e d  i n  the Bethany meteor i te  where a layer  of  enhanced 7 p r e -  
c i p i t a t i o n  is d i s t i n c t l y  v i s i b l e .  In  the  B r i s t o l  meteor i te  (Fig.  8) the 
range of Ni - r ich  7 p r e c i p i t a t i o n  immediately ad jo in ing  the m a r t e n s i t i c  re - 
gion  is  aga in  q u i t e  c l e a r .  It may be noted i n  t h i s  f i g u r e  t h a t  both a and 
Martensi te ,  which 
This i s  ev ident  meta l lographica l ly  i n  a l l  
I n  such a reas  the contours  of  t he  a and 7 p r e c i p i t a t i o n  
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y p a r t i c l e s  w i th in  the  decomposed a rea  have the t y p i c a l  p o l y c r y s t a l l i n e  
duplex s t r u c t u r e  . 
We conclude the re fo re ,  a t  l e a s t  on the  b a s i s  of the presented e v i -  
-. 
dence, t h a t  i n  the ma jo r i ty  of cases  where the  N i  concent ra t ion  i n  the M 
p r o f i l e  has never r i s e n  above approximately 25%, m a r t e n s i t i c  decomposition 
has  occurred and was followed by decomposition i n t o  a: + 7 s t r u c t u r e s .  
The d i s t i n c t  y r i m  observed i n  the micros t ruc tures  f a l l s  approximately 
i n  the region corresponding t o  about 15 (o r  less) w t . %  N i  a long the o r i -  
g i n a l  M p r o f i l e ;  and this suggests  t h a t  a f u r t h e r  d i f f u s i o n a l  decomposi- 
t i o n  occurred i n  a l l  mar tens i t i c  s t r u c t u r e s  t h a t  formed above approximate- 
l y  3 0 O o C .  Thus, i n  the major i ty  of oc t ahedr i t e  s t r u c t u r e s  whose o v e r - a l l  
composition f a l l s  i n  the  range between 8 and 13 w t . %  N i ,  mar tens i te  t r ans -  
formation may be presumed t o  have i n t e r f e r r e d  wi th  the  normal p l e s s i t i c  
decomposition. I n  most such cases  i n i t i a l  super-cool ing and build-up of 
N i  i n  t h e  border a r e a s  prevented a d i f f u s i o n a l  decomposition above -6OOOC. 
The above conclusions a r e  of course based on the  use of  t he  p re sen t ly -  
known Fe-Ni phase diagram es t ab l i shed  a t  1 atmosphere of pressure.  
A few a d d i t i o n a l  f ea tu re s  a r e  of i n t e r e s t .  During the high tem- 
pe ra tu re  formation of the Widmanstitten p a t t e r n  some remaining y reg ions  
become s u f f i c i e n t l y  narrow a t  high temperatures t o  enable  them t o  main- 
t a i n  a s u b s t a n t i a l l y  h igh  N i  content  even i n  the  c e n t r a l  region during 
the  f a l l  of temperature.  An example of t h i s  i s  shown i n  Fig. 9 taken 
from Canyon Diablo meteor i te .  Here the  bottom of the M curve f a l l s  above 
some 27 w t . %  N i  and consequently,  a p a r t  from some e t ch ing  e f f e c t ,  no d i s -  
t i n c t  decomposition o r  change i n  the t r end  of N i  con ten t  i s  observable.  
It may be presumed t h a t  such areas  w i l l  y i e l d  the t y p i c a l  M p r o f i l e  of 
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N i  conten t  whose d i s t r i b u t i o n  i s  governed pr imar i ly  by the d i f f u s i o n  of 
N i  i n  the t a e n i t e  phase, They can thus be used f o r  a success fu l  recon- 
s t r u c t i o n  of the cool ing  process .  
r e c e n t l y  determined the times and temperatures governing the  condi t ions  
of cool ing  of meteor i te  bodies  using specimens of such r e l a t i v e l y  high 
N i  conten t  (Carl ton - 12.77 w t , %  N i  and Dayton - 18.10 w t . %  N i ) .  I f  
p l e s s i t i c  a r eas  conta in ing  evidence of a mar tens i te  decomposition were 
Goldstein and Ogilvie ' l  have indeed 
t o  be used f o r  the  same purpose, only the  rims f r e e  of any decomposition 
would correspond t o  the  o r i g i n a l  M p r o f i l e  developed i n  the t a e n i t e ,  and 
t h e i r  wid th  i s  probably i n s u f f i c i e n t  f o r  an  accura te  a n a l y s i s  
F i n a l l y ,  a r a t h e r  coarse  decomposition a rea  corresponding t o  what 
may be presumed a normal high-temperature p l e s s i t i c  decomposition i s  shown 
i n  Fig.  10, taken from the  Toluca meteor i te .  Here the average N i  conten t  
of  the  Cl p a r t i c l e s  does vary with their  width a s  suggested by Golds te in  , 1 
and the  t y p i c a l  bo rde r l ine  depression i n  the kamacite phase marked A i n  
the  f i g u r e  may be seen not  only where the whole p l e s s i t i c  a rea  borders  on 
the  kamacite,  bu t  a l s o  a t  the borders  of i nd iv idua l  (3 p a r t i c l e s .  It ap- 
p e a r s  t h a t  f o r  some reason t h i s  border depress ion  is  somewhat lower i n s i d e  
0 
t he  p l e s s i t i c  a r eas  than a t  the boundaries of the t a e n i t e  and kamacite. 
The reason  f o r  t h i s  could be two-fold: e i t h e r  an  evidence of enhanced 
d i f f u s i o n  a s  a r e s u l t  of s t r a i n  dur ing  the growth of a p a r t i c l e s  a t  r e l a -  
t i v e l y  low temperatures o r ,  a s  suggested by Goldstein,  this i s  d i r e c t l y  1 
r e l a t e d  t o  the  width of the kamacite p a r t i c l e  and i t  i s  f u r t h e r  evidence 
of t h e  reverse  of the  Cl/CX + 7 boundary a t  temperatures below some 400°C. 
CONCLUSIONS 
We conclude t h a t  i n  the major i ty  of cases  where p l e s s i t e  i s  exam- 
14. 
ined i n  d e t a i l  t he re  a r e  ind ica t ions  that  its formation i s  in t ima te ly  
r e l a t e d  t o  the formation of  mar tens i te  during the  coo l ing  h i s t o r y .  lzhe 
composition of the bo rde r l ine  mar tens i te - f ree  reg ions  i n d i c a t e  t h a t  m a r -  
t e n s i t i c  decomposition has  been taking p lace  down t o  room temperature a s  
may be expected f o r  a mar t ens i t i c  process ,  while t he  decomposition of mar- 
t e n s i t e  i n t o  a duplex a + 7 s t r u c t u r e  terminated approximately above 300°C 
and was followed only by very loca l ized  adjustments of composition i n  the  
remaining mar tens i te .  The a rea  of a major m a r t e n s i t i c  decomposition i n t o  
two phases i s  separa ted  from the a rea  of a more r e s t r i c t e d  d i f f u s i o n a l  
a c t i v i t y  by a r i m  of 7 p r e c i p i t a t i o n  o r  a Ni-enriched phase a s  evidenced 
by microprobe t r ave r ses .  We conclude t h a t  only the por t ions  of a n  M pro- 
f i l e  which show no decomposition of any kind a r e  s u i t a b l e  f o r  a c a r e f u l  
mathematical  a n a l y s i s  and i n t e r p r e t a t i o n  leading t o  the t ime-cooling con- 
d i t i o n s  i n  the  parent  meteor i te  bod ie so  These conclus ions  a r e  specula-  
t i v e  t o  the e x t e n t  t h a t  too  few samples have been s tud ied  t o  prove the 
g e n e r a l i t y  of the  above arguments. 
c a l  approach t o  the choice o f  samples and sample reg ions  f o r  d e t a i l e d  
s tudy  i s  advised.  Of p a r t i c u l a r  importance appears t o  be t h e  necessary 
c o r r e l a t i o n  between micros t ruc ture  and microprobe t r a c e s  
It i s  our  f e e l i n g  t h a t  a more c r i t i -  
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Figure Captions 
1. Typical  M-profile of N i  concent ra t ion  ac ross  a kamaci te- taeni te-  
p l e s s i t e -  taeni te-kamaci te  region 
2.. Fe-Ni phase diagram, Fe- r ich  port ion 
11 I 1  3 .  Schematic r e p r e s e n t a t i o n  of the development of the  M p r o f i l e  
4. Schematic r e p r e s e n t a t i o n  of p l e s s i t e  formation 
a. nuc lea t ion  and growth process 
b. mar tens i te  decomposition process  
5 .  C a l i b r a t i o n  curve f o r  N i  i n  Fe-Ni 
a .  K/C v s  C p l o t  t o  determine a 
b .  K v s  C p l o t  
, where K i s  the  i n t e n s i t y  nor- 
malized t o  the  p w e  element &,) and C i s  the  concent ra t ion  
6 .  B r i s t o l  me teo r i t e  
a .  Photomicrographs of the s t r u c t u r e  t r ave r sed  i n  microprobe exam- 
b. N i  concen t r a t ion  vs  d is tance  a long  l i n e  def ined  by hardnes marks 
i n a t i o n  a t  d i f f e r e n t  magnif icat ions 
shown i n  micrograph. In se r t  c o r r e l a t e s  s t r u c t u r e  w i t h  composition 
7. Bethany meteor i te  
a .  and b. Low and mediummagnification photomicrographs of the a rea  
t r ave r sed  i n  microprobe examination 
c. High magni f ica t ion  photomicrograph of same reg ion  w i t h  N i  concen- 
t r a t i o n  p r o f i l e  superimposed 
8. B r i s t o l  meteor i te  of r e l a t i v e l y  coarse  s t r u c t u r e  
a .  Photomicrographs a t  low, medium and h igh  magnif icat ion of the 
b . N i  concent ra t ion  p r o f i l e  taken a long l i n e  def ined by microhard- s t r u c t u r e  t raversed  by the  microprobe 
ness  marks and arrows 
9. Canyon Diablo meteor i tes  
a .  Photomicrographs a t  low and medium magni f ica t ion  
b. N i  concent ra t ion  p r o f i l e  taken along l i n e  a s  i nd ica t ed  on micro- 
graph 
10. Toluca meteor i te  conta in ing  coarse Q p a r t i c l e s  i n  a i’ matrix.  N i  con- 
c e n t r a t i o n  p r o f i l e  shown below micrograph 
dt s tance 
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Accelerating Voltage 20 Kv 
Radiation Analyzing Crystal 
Ni Q I 
Fe % I1 
4" LiF  
4" ADP 
Sample Current .0&n 
S e n s i t i v i t y  
5 3 x 10 counts/sec-Fa 
10 5 counts/sec-pa 
